tively. Sixteen of 17 (94%) paraprosth:tic leaks were correctly identified by pulsed Doppler. In patients with aortic regurgitation the flow-velocity curve recorded in the ascending aorta frequently showed a negative (or reversed) diastolic component, the magnitude of which (expressed as percentage negative area) correlated significantly with angiographic severity of regurgitation. Thus, pulsed Doppler echocardiography is a highly accurate and objective non-invasive technique for detecting mitral and aortic regurgitation. In aortic regurgitation, estimation of severity is possible from inspection of the Doppler ascending aortic flow velocity curve.
Pulsed Doppler echocardiography is a new noninvasive technique that has proved useful in the detection of valvular regurgitation or stenosis'-3 as well as structural abnormalities such as atrial or ventricular septal defects.4 6 The addition of pulsed Doppler studies to routine M-mode echocardiography enhances the likelihood of localising the source of cardiac murmurs and in certain instances quantifying the severity of valvular dysfunction. In this regard, we have recently shown6 that analysis of the time interval histogram of the pulsed Doppler can be of use in discriminating between patients with severe aortic stenosis (aortic valve area less than 1.0 cm2) and those with less severe stenosis (aortic valve area greater thaa 1.0 cm2). Additionally, we have been able to quantify the amount of tricuspid regurgitation and relate the extent of regurgitation to right ventricular haemodynamics. 7 Earlier reports concerning the diagnostic accuracy of pulsed Doppler echocardiography in detecting left-sided valvular regurgitation have depended primarily on a subjective interpretation of the audio output from the instrument to identify the presence of systolic turbulence in the left atrium, a sign of mitral regurgitation,8 or diastolic turbulence in the left ventricular outflow tract, a sign of aortic regurgitation.3 The obvious need for a graphic display of the data has led to the development of a time interval histogram for displaying the changes in frequency of the ultrasound. 9 The objectives of this investigation were to 612 determine the specificity, sensitivity, predictive values, and diagnostic accuracy of the time interval histogram in detecting the mitral and aortic regurgitation. Additionally, an attempt was made to correlate measurements derived from the time interval histogram with the angiographic severity of valvular insufficiency.
Materials and methods

TECHNICAL DESCRIPTIONS
The principles of pulsed Doppler echocardiography have been previously discussed by Johnson et al.' and Baker et al.2 and will be reviewed only briefly. The frequency of a reflected sound wave is altered when the reflecting target is in motion.
When an ultrasound beam is directed toward smooth, non-turbulent or laminar blood flow, the reflected sound waves exhibit a fairly uniform shift in frequency or "Doppler shift". This shift may be graphically represented as either a positive or negative deflection depending on direction of flow toward or away from the transducer. The magnitude of the shift is related to both velocity of flow and the angle of incidence between flow and sound. When the ultrasound beam is directed at turbulent blood flow, the reflected sound waves demonstrate a wide and random shift in frequency because of the varying direction and velocity of blood cells in the turbulent area.
Pulsed Doppler echocardiograms were performed in this study using a commercially available EchoDoppler unit (advanced Technology Laboratory, Bellevue, Washington) that employs repetitive pulses of sound in the megaHertz range similar to traditional M-mode echocardiography. The advantage of pulsed Doppler over continuous wave Doppler is that the Doppler shifts produced by the velocity of blood flow can be recorded in localised intracardiac positions at variable depths by means of a range-gating system in conjunction with a standard M-mode echocardiogram, thereby allowing accurate placement of the sample volume within the cardiac chambers. An audio signal is generated, which is represented as tonal quality changes. Non-turbulent blood flow results in a narrow frequency band width producing a musical sound in contrast to turbulent flow which generates a wide band width pattern producing a harsh rasping sound.
In addition to the aural presentation, a permanent display of the Doppler shift is achieved using a time interval histogram. The time interval histogram plots the frequency shifts of the reflected ultrasound using a zero-crossing technique that has previously been described by Lorch et al. 9 In brief, a pattern is derived by measuring the time between successive zero crossings of audible signal wave forms. A zero crossing is defined as the instant in time when the Doppler shift signal (Fig. 1) .
The technique employed in this study consisted of placing a 3 0 MHz transducer along the left sternal border in a fashion similar to a routine M-mode echocardiographic study ( Fig. 1 and 2 ). The mitral and aortic valves as well as the left ventricular outflow tract and left atrium were identified with the M-mode echocardiogram. Threshold and gain settings were adjusted with the sample volume placed in the left atrium. Threshold was set at the lowest level that allowed a slight background noise on the baseline (any further reduction in threshold would produce wide dispersion of the dots giving an appearance of turbulent flow even though no real turbulence would be detected by the aural analysis). Gain was set at the highest level that allowed only a slight background noise to be audible. Mitral regurgitation was sought from the left sternal border by placing the sample volume in the left atrium posterior to the anterior leaflet of the mitral valve or posterior to the aortic root while searching for systolic turbulence. In all cases the transducer was also placed at the cardiac apex with the patient in the left lateral recumbent position, the mitral valve was visualised, and the sample volume placed in the left atrium posterior to the anterior leaflet. When searching for turbulence, the operator relied on the audio output from the instrument while moving the sample volume around the left atrium making appropriate recordings when turbulence was heard. In all cases, however, the diagnosis of mitral regurgitation was ultimately based upon an objective analysis of the time interval histogram where turbulence was taken as a frequency dispersion greater than 10 mm (absolute measurement of dot distribution above and below the zero frequency shift baseline as shown in Fig. 3 ). When systolic turbulence was present, its maximal amplitude was measured in absolute millimetres from lines drawn outlining its upper and lower border (Fig. 3B ). Measurements were averaged over the five cardiac cycles displaying widest frequency dispersion.
Aortic regurgitation was sought from the left sternal border by placing the sample volume in the left ventricular outflow tract ( Fig. 4 Papillary muscle dysfunction (Fig. 4B) . The magnitude of negative deflection, measured as the percentage negative area in 54 of the 69 patients with aortic regurgitation, was found to relate significantly (p <0 05) with the qualitative angiographic assessment of severity of regurgitation. As shown in Fig. 7 , the percentage negative area was 89 ±2-9 (mean ±SEM) for patients with 1+, 23*6±442 for 2+, 35-7±5 for 3+, and 50-246-5 for 4 + aortic regurgitation. A 30 per cent or less negative area was noted in 26 out of 31 (84%) patients with 2+ or less aortic regurgitation, while a negative area greater than 30 per cent was present in 17 out of 23 (74%) patients with 3+ or more regurgitation. Thus, using a less or greater than 30 per cent negative deflection to discriminate between mild (<2+) and severe (>3+) aortic regurgitation, the predictive value of the pulsed Doppler was 81 and 77 per cent, respectively, with a diagnostic accuracy of 80 per cent.
Discussion
Pulsed Doppler echocardiography allows assessment of intracardiac and aortic flow-velocity (n=17) (n-=14) (n-= 13) (n= 10) is sought from the cardiac apex. As Fig. 2 indicates, the sample volume is near the distal limits of the range-gate when placed in the left atrium or immediately posterior to the mitral valve with the transducer at the apex. At these deeper sites within the heart, the pulse repetition frequency (range 3500 to 10 000 pulses per second) must be diminished to avoid ambiguous echoes, the net result being an increase in the minimum Doppler shift that can be detected. Theoretically, this might decrease the sensitivity for detection of mitral regurgitation since milder cases may not create sufficiently large Doppler shifts to be recognised. Despite this potential limitation, the sensitivity of pulsed Doppler for mitral regurgitation in this study was 94 per cent and, interestingly, this lesion was detected solely through the apical approach in nine patients.
The aetiological causes of mitral and aortic regurgitation in the present study were multiple and included the entire spectrum of valvular heart disease seen in adult cardiology. Both structural lesions (such as rheumatic, myxomatous, and calcific disease) as well as functional disturbances (such as left ventricular dilatation with papillary muscle dysfunction or ascending aortic aneurysms with loss of aortic valve support) were frequently observed. The accuracy of pulsed Doppler in detecting regurgitation was similar in each of these entities. Importantly, 17 patients had prosthetic valves with paravalvular leaks, including seven mitral and 10 aortic prosthetic valves. Of these 17 patients, 16 or 94 per cent were accurately detected by pulsed Doppler when compared with angiography; the one false negative consisted of a patient with a mitral prosthesis and minimal regurgitation. Determination of severity of aortic regurgitation echocardiographically has relied primarily on evaluating the degree of the left ventricular dilatation and the "volume overload" pattern of wall motion, both of which are haemodynamic consequences rather than a true measurement of regurgitation; both are also dependent upon obtaining a high quality echocardiographic view of the left ventricle. Our experience has been that a pulsed Doppler ascending aorta flow-velocity curve can be recorded easily in the vast majority of patients regardless of the difficulty in obtaining an adequate image by standard M-mode techniques. The results presented herein suggest that analysis of this curve provides a direct index of aortic regurgitation.
A rough correlation was observed in the present study between the qualitative angiographic assessment of severity of mitral regurgitation and the achieved maximal amplitude of turbulence detected be Doppler. Statistical significance (p < 0 05), however, was achieved only for the comparison between 1 + and 3 + mitral regurgitation, and thus the application of this Doppler measurement to individual patients with mitral regurgitation is very limited.
Future improvements in the instrumentation and signal processing of the data will further enhance the ability of this new non-invasive technique to detect and quantify valvular regurgitation.
The results of this investigation, however, indicate that in its present state, pulsed Doppler echocardiography has become a useful clinical adjunct to the non-invasive evaluation of patients suspected of having left-sided valvular regurgitation.
